When fresh rice leaves producing yeast Schwanniomyces occidentalis phytase were grounded and mixed with the whole extract of seed-based feed for pigs, the release of orthophosphate increased significantly. More specifically, phytate, a major source of phosphorus in the seeds, was hydrolyzed by heterologous phytase. Moreover, when transgenic rice plants were ensiled for up to 12 weeks, no decrease in the phytase activity of the heterologous enzyme was observed. This result strongly suggests that transgenic rice plants producing yeast phytase can be stored as silage without any loss of enzyme activity until usage as a feed additive.
Plant seeds, including those of legumes and cereals, are commonly used in animal feed, especially for the growth of monogastric animals such as swine and poultry. Although phytate (myo-inositol hexakisphosphate) is a major form of phosphorus in plant seeds, 1) the above animals are unable to utilize phosphate derived from phytate because they have little or no phytatehydrolyzing enzymes in their gastrointestinal tracts. 2) Therefore, digestible rock phosphate from limited natural sources is often added to animal feed to maintain adequate phosphorus intake. Undigested phytate excreted in the manure in turn causes eutrophication through the action of microbial enzymes. 3) Phytate is not only related to the above resource and environmental concerns, but is of nutritional concern. It chelates minerals such as calcium, zinc, and iron, and also reacts with proteins, 4, 5) thus lowering the bioavailability of minerals and proteins in feed.
To solve these problems, phytase, which sequentially dephosphorylates phytate to yield orthophosphate, is often added to animal feed. 3, 6) This enzyme is commonly produced in microorganisms by fermentation. 7) On the other hand, plant biotechnology makes it possible to produce this industrially important biocatalyst in a costeffective manner since it does not require any complex bioreactors or large amounts of energy from fossil fuels. 8) To date, foreign phytases of different origins, mainly from fungi or bacteria, have been overproduced in several plant species. [9] [10] [11] [12] [13] [14] [15] Rice is one of the most attractive target plants for phytase overproduction, since rice is grown in a vast area of the world (about 155,000,000 ha), and it shows a high biomass (maximum 1.5-1.8 tons dry weight of the whole crop per 10 are). 16) Although the whole rice crop is generally ensilaged as a feed for dairy and beef cattle, it was recently reported that the whole crop silage can be utilized for feeding pigs as well without significant adverse effects on the efficiency of body weight gain when the silage is mixed with seed-based formula feed up to 5% on a dry-matter basis (corresponding to 17% on a fresh-weight basis). 17) Previously, we achieved extremely high production of yeast Schwanniomyces occidentalis phytase in transgenic rice plants with the gene constructs pModF and pModT, which included the secretory signal sequence from the rice chitinase-3 gene and the full-length (for pModF) or truncated (for pModT) yeast phytase gene whose codons were modified without affecting any amino acids.
18) The present study was undertaken to increase understanding of the characteristics of the heterologous yeast phytase and the potential application of transgenic rice plants as an animal feed additive. The ModF3 plants exhibiting the highest phytase activity among transgenic plants harboring the pModF construct was chosen for the assays. The enzyme activity in the fresh leaves reached about 5 U/g-FW (1 U of phytase y To whom correspondence should be addressed. Fax: +81-475-23-8512; E-mail: hideo.honda@mitsui-chem.co.jp Abbreviation: g-FW, gram-fresh weight activity was defined as the amount liberating 1 mmol of phosphate released from phytic acid sodium salt in 1 min), which was about 100 times higher than that in wild-type plants. 18) ModF3 plants were grown from divided roots of the primary transgenic plant. Wild-type plants and ModF3 plants were grown in a growth chamber, as described elsewhere. 18) Whole plants, except for the roots, were harvested before the onset of flowering.
Soluble sodium salt of phytic acid is generally used for phytase assay, but almost all the phytic acid in plant seeds is present as phytin, which is a mixed salt of potassium, calcium, magnesium, or zinc, and is deposited as globoid crystals. 19) Therefore, a first investigation was conducted to determine whether the heterologous phytase from rice leaves has the ability to hydrolyze hardly soluble phytin derived from seed-based animal feed.
As a model feed for pigs, seed-based feed consisting of 75% corn, 24% dehulled soybean meal, and 1% rice bran was formulated and completely ground into flour by mortar and pestle, and then 0.18 g of the feed was put into a 2-ml tube. In parallel, 0.02 g of fresh green leaves of ModF3, 5.1 U/g-FW, was ground by mortar and pestle under liquid nitrogen, then 872 ml of 40 mM sodium acetate buffer (pH 5.5) was added, and the mixture was ground again. The whole leaf extract was transferred to the 2-ml tube (total about 1 ml of mixture from 0.02 g of the fresh green leaves, 0.18 g of the feed, and 872 ml of the buffer), and mixed well. Since the ratio of fresh leaves to feed was 1:9 by weight, the phytase activity derived from ModF3 leaves corresponded to 0.51 U/g of feed (including leaves). The mixed extract was incubated under gentle agitation at 37 C. After 30, 60, 120, and 240 min of incubation, 4 ml of the supernatant was transferred to 200 ml of 5 mM H 2 SO 4 solution to stop the reaction. Free inorganic phosphate was determined according to methods described elsewhere. 18) For comparison, the feed was mixed with leaf extracts of wild-type plants and yeast benchmark phytase at final concentrations of 0, 0.5, and 1.0 U/g of feed.
The content of phytin-linked phosphate in the seedbased feed used here was tabulated as 4.65 mmol according to the Standard Tables of Feed Composition in Japan. 20) When the leaves of wild-type plants were mixed with the feed without benchmark phytase (0 U/g of feed), a slight increase in released phosphate (0.32 mmol after 240 min incubation) was observed (Fig. 1) , possibly due to the low endogenous phytate-hydrolyzing activity derived from the rice and/or feed extract. When leaf extract of the transgenic ModF3 plant was used instead, release increased at 240 min to 1.55 mmol, which is 4.84 times higher than in wild-type plants, and corresponds to 33.3% of total phytin-linked phosphate. The percentage increased to 49.0% after 24 h incubation (data not shown). This result strongly suggests that heterologous yeast phytase can hydrolyze phytin derived from seed-based feed. Under prolonged incubation, the level of released phosphate became closer to that of benchmark phytase 1.0 U/g of feed than to 0.5 U/g of feed, although the transgenic plant exhibited lower activity (0.51 U/g of feed). Although we cannot rule out the possibility that the heterologous phytase has higher potential ability to hydrolyze phytin than benchmark phytase, it is more likely that this result is due to the use of whole leaf extract, including the insoluble fraction as an enzyme fraction, unlike the standard phytase assay, in which only the supernatant of leaf extract was used. More specifically, the remaining enzyme within the insoluble fraction should gradually solve out in buffer and hydrolyze phytin during incubation. But the fact that the heterologous phytase showed higher activity than expected from the standard assay is beneficial from a practical view point.
Previous work in our laboratory indicates the extreme stability of heterologous phytase in leaf extract. If transgenic rice plants are used directly as a feed additive without extracting the enzyme from the leaves, the plants should retain high phytase activity after harvesting. To determine the level of stability, leaf sections from ModF3 plants were placed in 1.5-ml capped tubes to avoid wilting, and were stored at 4, 25, and 37 C in Together with leaf extract of the ModF3 plant ( ), an extract of seed-based feed consisting of 75% corn, 24% dehulled soybean, and 1% rice bran was used for a phytin-hydrolyzing assay at pH 5.5 at 37 C (indicated by a solid line with closed circles). To obtain standard curves (indicated by dotted lines), yeast phytase corresponding to 0 ( ), 0.5 ( ), or 1.0 ( ) U/g of feed (including rice) was added to a mixture of leaf extract of wild-type plants and the same feed, and assayed as described above. The inorganic phosphate released was determined after 0, 30, 60, 120, and 240 min of the reaction.
the dark for 4 weeks. 21) Phytase activity against phytic acid sodium salt and total soluble protein were then periodically assayed, as described previously. 21) Whereas the concentration of soluble protein decreased in a temperature-dependent manner ( Fig. 2A) , the phytase activity at each temperature was relatively well-retained (Fig. 2B) , suggesting high stability of the heterologous phytase in rice cells. But phytase activity was gradually lost during storage especially at higher temperatures.
Ensilage is commonly employed to improve the storage stability, taste, and nutritional value of grass after harvesting. If the transgenic rice plants retain high phytase activity during ensilage treatment, they have the potential to serve as a feed additive. To investigate stability, leaves and stems of the transgenic plants harvested at late vegetative stage were chopped to 2 mm in length and put in sealed tubes under pressure (15 g of samples per tube). The tubes were wrapped with aluminum foil and kept at 20 C. After 1, 2, 4, 8, or 12 weeks of ensilage, the phytase activity of each sample was assayed using phytic acid sodium salt as a substrate, as described elsewhere, 18) but 5 volumes (v/w) of extraction buffer were used instead of 10 volumes (v/w). The samples' chemical compositions were determined by the conventional method. 22) For 12 weeks, there was no decrease in the relative activity of the heterologous phytase compared to pretreated (0 week) samples (Fig. 3) . Although the reason for relatively higher activity at 4 to 12 weeks remains unknown, one possibility is that anaerobic fermentation and accompanying thermogenesis activated the heterologous enzyme, taking the high optimum temperature (70 C) of the enzyme 18) into consideration. Since the activity of the wild-type rice plants was too low to obtain reproducible values (data not shown), the endogenous phytase activity was negligible. The fermentative quality (V-score) of silage from the wild-type rice plants and the transgenic rice plants was roughly constant for 12 weeks, at about 60 and 55 (data not shown). This ''not-very-good'' or modest quality might be due to the small amount of rice plants at late vegetative stage for ensilage treatment. Higher quality is to be expected if field-grown rice plants at dough to mature stage are harvested for the treatment. 16) In conclusion, transgenic rice plants producing yeast phytase can release orthophosphate from hardly soluble phytin in seed-based feed. Furthermore, the transgenic plants can be stored as silage without any loss of activity until usage. Our findings might perhaps extend the application of transgenic plants that produce heterologous phytases as an animal feed additive, although effect Relative activity (%) Fig. 3 . Stability of Heterologous Phytase during Ensilage. After leaves and stems of ModF3 plant were ensilaged for 1, 2, 4, 8, and 12 weeks, phytase activity was assayed. Each value is presented as the mean of three replicated experiments (AE SD), with the exception that the data of four replicated experiments were used for pre-treated samples (0 week).
of supplementation of transgenic rice plants on the growth of livestock has yet to be determined.
